Abstract: This study identifies the potential role in heat-stress mitigation of phytohormones and other secondary metabolites produced by the endophytic fungus Paecilomyces formosus LWL1 in japonica rice cultivar Dongjin. The japonica rice was grown in controlled chamber conditions with and without P. formosus LWL1 under no stress (NS) and prolonged heat stress (HS) conditions. Endophytic association under NS and HS conditions significantly improved plant growth attributes, such as plant height, fresh weight, dry weight, and chlorophyll content. Furthermore, P. formosus LWL1 protected the rice plants from HS compared with controls, indicated by the lower endogenous level of stress-signaling compounds such as abscisic acid (25.71%) and jasmonic acid (34.57%) and the increase in total protein content (18.76%-33.22%). Such fungal endophytes may be helpful for sustainable crop production under high environmental temperatures.
Introduction
Networks of the plant metabolic pathways are being modelled through the stoichiometric biochemical reaction. The metabolic network consists of characterized enzymes in specified tissues and organs. Plant network models are mediated by microorganisms such as bacteria and fungi, known as "plantmicrobe" interactions (Khan et al., 2012) . These plant-microbe interactions can provide regulatory dynamics towards plant growth in biotic and abiotic stresses. One of the major, currently encountered abiotic stresses, is heat stress (Sgobba et al., 2015) . Higher temperatures resulting from global climate change have already had drastic effects on crop growth, and global temperatures are predicted to rise by 2-5 °C by the end of this century. The occurrence of heat-shock waves will further affect agricultural production (Fragkostefanakis et al., 2014) . Overall, heat stress interrupts plant growth by impairing important physiological and morphological processes such as reductions in seed germination, net assimilation rate-dependent relative growth rate, plant height, photosynthesis, and flowering, along with premature cell death (Hasanuzzaman et al., 2013; Sgobba et al., 2015) . Rice is perhaps the most important staple food crop for the majority of the world's population (Lin et al., 2014) . Despite this, its production is also severely reduced by heat stress; even a brief increase in temperature at a crucial stage, such as flowering, may significantly reduce the yield (Folsom et al., 2014; Lin et al., 2014) .
Crop plants cannot change location, and therefore they have to deploy decoys to mitigate severe environmental conditions including heat stress. Crop plants can adjust to the stressful heat environment by manipulating their metabolism to produce osmolytes, antioxidants, and phytohormones (Hasanuzzaman et al., 2013) . The up-or down-regulation of phytohormones, mainly gibberellins (GAs), indole acetic acid (IAA), abscisic acid (ABA), and jasmonic acid (JA), has a central role in enhancing heat-stress resistance (Bita and Gerats, 2013; Hasanuzzaman et al., 2013) . GAs and IAA play important roles in the plant development process, while ABA and JA mediate abiotic and biotic stress responses to heat, cold, drought, and pathogens, for example. Moreover, exogenous application of these phytohormones has been proven to alleviate heat stress (Bita and Gerats, 2013; Hasanuzzaman et al., 2013; Claeys et al., 2014) . Plant association with phytohormones produced by endophytes has also been helpful in mitigating abiotic and biotic stresses (Khan et al., 2012; Waqas et al., 2014a; 2014b) . Endophytes benefit host plants in a number of ways by improving uptake of nutrients and water, water-use efficiency, endogenous hormone levels, and survivability competition without causing any harm (Khan et al., 2012) . This important plantmicrobe association (Khan et al., 2012; Higgins et al., 2014; Waqas et al., 2014b) is the basis of our study. We hypothesized that secondary metabolites produced by fungal endophyte symbiosis will not only maintain but also promote rice plant growth under prolonged heat stress conditions.
In this study, we used the previously reported (Waqas et al., 2014a) fungal endophyte Paecilomyces formosus LWL1 (national center for biotechnology information (NCBI) accession number JQ013813) isolated from the roots of cucumber. It produces several important secondary metabolites, such as bioactive GAs (GA 1 , (10.55±2.60) ng/ml; GA 3 , (8.49±1.50) ng/ml; GA 4 , (3.86±0.91) ng/ml; GA 7 , (6.65±1.60) ng/ml; GA 9 , (1.05±0.21) ng/ml); IAA, ((34.07±3.92) µg/ml), and organic acids including oxalic acid ((0.009±0.001) mg/L), quinic acid ((0.058± 0.002) mg/L), tartaric acid ((0.047±0.003) mg/L), and malic acid ((12.92±0.26 ) mg/L). In the same reported study, P. formosus LWL1 promoted the growth of dwarf Waito-C (GAs mutant) and Dongjin (GAs normal) rice cultivars under normal environmental conditions. Because of these findings, we further hypothesized that the same new fungal strain will also improve and maintain Dongjin rice cultivar growth under prolonged heat stress. Other major reasons for choosing the Dongjin rice cultivar include its predominant cultivation in South Korea (where this study was conducted) and the fact that its endophyteinfected plants showed significant growth under cold, salt, and drought stresses (Redman et al., 2011) . The current study further investigated this important benefit of P. formosus LWL1 in improving the abiotic stress (heat stress) resistance of Dongjin rice plants, which has not been previously reported for this cultivar and this fungal endophyte strain under prolonged heat-stress conditions.
Materials and methods

Plant materials and growth conditions
Seeds of Oryza sativa L. cv. Dongjin were procured from the National Institute of Crop Science, Rural Development Administration, South Korea. The rice seeds were thoroughly surface-sterilized in autoclaved pots with 2.5% (0.025 g/ml) sodium hypochlorite for 30 min, washed and soaked in autoclaved double-distilled water (DDW). After 3-d soaking in autoclaved DDW, germinated rice seedlings were transplanted to sterilized sand medium (moisture content 18%-23%, pH 4.5-5.5, electrical conductivity (EC) 2.0 ds/m, bulk density 0.7-1.0 mg/m 3 , grain size 125-250 µm, nitrogen 800-2500 mg/kg, and phosphorus 150-850 mg/kg; other components included zeolite (60.00%), diatomite (20.00%), and vermiculite (19.67%)) and placed in a growth chamber. During plant growth, the growth chamber (KGC-175 VH, KOENCON, Korea) conditions were adjusted to 12-h light (08:00-20:00, 30 °C, relative humidity 70%) and 12-h dark (20:00-08:00, 25 °C, relative humidity 70%). Yoshida solution was applied to the rice seedlings as a nutrient source for 2 weeks (Yoshida et al., 1959) . The pH of the Yoshida solution was maintained at 5.0-5.3 during the growth period.
Fungal endophyte application and heat stress treatment
After 2 weeks, the germinated rice plants were transplanted to semi-hydroponic media in autoclaved pots (25 cm×20 cm×20 cm) composed of three-time autoclaved (at 121 °C for 15 min) horticultural soil (fungus-free bio-soil, Dongbu Farm Hannong, South Korea) with the following physico-chemical composition: peat moss (10%-15%), perlite (35%-40%), coco peat (45%-50%), and zeolite (6%-8%), and NH 4 + about 0.09 mg/g, NO 3 − about 0.205 mg/g, P 2 O 5 about 0.35 mg/g, and K 2 O about 0.1 mg/g and DDW.
At the start of the experiment, bioactive P. formosus LWL1 was inoculated into 3000 ml of Czapek broth medium (sucrose 30 g/L, sodium nitrate 3 g/L, dipotassium phosphate 1 g/L, magnesium sulphate 0.5 g/L, potassium chloride 0.5 g/L, ferrous sulphate 0.01 g/L, and pH 7.3 at 25 °C) and incubated for 10 d at 30 °C at 150 r/min. About 100 ml of culture broth with an adequate number of propagules was applied to the designated semi-hydroponic media in pots before transplanting of plants and thoroughly mixed with the semi-hydroponic media to ensure equal distribution in the root-zone area. Thereafter, freshly autoclaved DDW was applied as needed. Three days after transplanting, the plants with and without fungal endophytes were exposed to heat stress. During heat stress the same growth chamber conditions were maintained, except for temperature, which was adjusted to 37 °C/28 °C (day/night cycle).
Plant growth data
After 10 d, total plant (shoot and root) height, fresh weight (FW), dry weight (DW), and the leaf chlorophyll content (chlorophyll meter SPAD-502, Minolta, Japan) were collectively determined with thirty plant samples from each of the treatment groups, with and without heat stress and fungal endophyte infestation. After collection, samples were immediately frozen in liquid nitrogen and kept at −80 °C until freeze-dried (ISE Bondiro freeze dryer, Ilsin Bio Base, Yangju, South Korea).
Endogenous abscisic acid (ABA), jasmonic acid (JA), and total protein analyses
The freeze-dried plant samples (shoot and root) were used for ABA and JA analyses. We analyzed endogenous ABA content according to the methods of Qi et al. (1998) and Kamboj et al. (1999) . Dried samples (0.1 g) were ground very finely with a grinder, extracted with 30 ml of extraction solution consisting of 95% isopropanol and 5% glacial acetic acid, and added to 200 ng of the internal standard [(±)-3,5,5,7,7,7-d 6 ]-ABA. The extracted samples were dried and methylated by addition of diazomethane (10 µl). ABA contents were calculated by endogenous peak area/standard peak area×standard volume/sample weight.
For the determination of endogenous JA, freezedried plant samples (shoot and root; 0.1 g) were extracted with acetone and 50 mmol/L citric acid (70:30, v/v) and then 50 ng of the internal standard ([9,10-2 H 2 ]-9,10-dihydro-JA) was added to it. We followed the protocol as described by Waqas et al. (2014b) . The extracts were then analyzed by gas chromatography-mass spectrometer (GC-MS, 6890 N GC system and the 5973 network mass selective detector, Agilent Technologies, USA). The endogenous JA contents were calculated according to the following formula: endo peak areas of JA/standard peak area of JA×volume of internal standard/sample weight.
Total protein content in P. formosus LWL1-inoculated and non-inoculated rice plants was determined according to the Bradford method (Bradford, 1976) using 100 mg fresh plant (shoot and root) samples from each treatment group.
Statistical analysis
The experiment was independently repeated three times in a completely randomized design under the same conditions. The data from each repetition of the same experiment were pooled together for statistical analysis. To identify significant differences between treatment means, Student's t-tests were carried out using GraphPad Prism.
Results
Rice plant growth and heat stress adaptation response with and without fungal endophytes
The impact of P. formosus LWL1 on japonica Dongjin rice plant growth promotion was assessed under no stress (NS) and heat-stress (HS) conditions. Under normal growth conditions, P. formosus LWL1 application resulted in significantly increased plant height (17.02%), FW (51.65%), DW (34.97%), and chlorophyll content (13.98%) compared with controls (Table 1 ; Figs. 1a and 1b) . The same growth-promoting effect of P. formosus LWL1 was also noted under prolonged heat stress, and plant height, FW, DW, and chlorophyll content were significantly increased by 17.97%, 50.32%, 47.52%, and 26.81%, respectively, compared with controls (Table 1; Figs. 1c and 1d ).
3.2 P. formosus LWL1 regulation of endogenous ABA, JA, and total protein for prolonged heatstress adaptation in japonica rice
The major abiotic stress modulating the phytohormone ABA (Khan et al., 2014) was analyzed in japonica Dongjin rice with and without P. formosus LWL1 under NS and HS (Fig. 2) . In NS, the analysis revealed that there was no significant difference (P>0.05) in ABA levels between inoculated and non-inoculated plants. However, a significant difference was observed after exposure of plants 3 Soil-plant analysis development (SPAD) unit for measuring leaf chlorophyll content. The effects of P. formosus LWL1 on the growth of Dongjin (GAs normal) rice cultivars under normal environmental conditions (no stress) have been previously reported by Waqas et al. (2014) . * Significant differences between plants treated with and without P. formosus at the P<0.05 level by Student's t-test. The experiment was independently repeated three times and values of respective treatments were pooled together to calculate the mean±SD. In each experimental repetition, 30 plants were randomly selected per treatment from three replicates 
Dongjin under no stress (NS) and prolonged heat stress (HS)
Circle shows the deleterious effect of heat stress on endophytes free rice plant (c). However, the P. formosus LWL1 inoculation significantly reduced the deleterious effect as shown in (d)
Heat stress inoculated with P. formosus and non-inoculated plants to HS. The inoculated rice plants had a significantly lower amount of ABA ((274.43±5.66) ng/g DW) compared with non-inoculated control plants ((369.83±12.84) ng/g DW) (Fig. 2) .
The amount of JA was not significantly different in the inoculated and non-inoculated plants under NS (Fig. 3) . Heat stress significantly increased the JA amount in non-inoculated plants ((275.46±6.75) ng/g DW) but the stress effect was mitigated by a lower JA amount in inoculated plants ((180.23±7.69) ng/g DW).
P. formosus LWL1 inoculation extended its protective effect by increasing total protein content under NS and HS conditions (Fig. 4) . The total protein content was significantly increased in inoculated plants compared with control plants under NS ((4.13± 0.31) mg/g FW vs. (3.10±0.07) mg/g FW) and HS ((3.86±0.14) vs. (3.25±0.05) mg/g FW).
Discussion
In the current study, P. formosus LWL1 improved plant growth of the japonica variety Dongjin rice under normal conditions and heat stress. Growth promotion may be attributed to the ability of P. formosus LWL1 to produce multiple important secondary metabolites (Khan et al., 2012; Waqas et al., 2014) . Current results are in strong agreement with the findings of Khan et al. (2011) , who reported the ability of the same fungus, P. formosus LHL10, to induce thermo-tolerance. In their experiment P. formosus LHL10 produced GAs and IAA but not in the same amount and types as that of P. formosus LWL1 used in the current study. However, the thermotolerance ability induced by several types of endophytes has been investigated in other crops or wild plants such as Capsicum annuum L., O. sativa L., and Dichanthelium lanuginosum (Redman et al., 2002; 2011; Khan et al., 2014) .
IAA plays a role in plant development by regulating cell division and elongation. The inoculation of indole compounds beneficial to free-living plants (auxins) producing Trichoderma virens increased the biomass of wild-type Arabidopsis. The same fungal species stimulated lateral root formation and consequently increased the root surface area, which may enhance nutrient uptake for growth and development (Contreras-Cornejo et al., 2009) . Expanding on the same idea, in another experiment Contreras-Cornejo et al. (2014) reported the salinity-stress tolerance induction potential of T. virens and T. atroviride in Arabidopsis seedlings. Plant-growth promotion under saline and normal conditions was related to an Total protein content was analyzed in fresh samples of 30 randomly collected plants from each of three treatment replicates from three independently conducted experiments. Values of total protein content in the respective treatments were pooled together to calculate the mean±SD. For each set of treatments, the asterisk on error bar indicates significant differences between plants treated with and without P. formosus at the * P<0.05 or ** P<0.01 level by Student's t-test increase in endogenous IAA by fungal association that promotes a larger number of lateral roots and hairs. The Trichoderma spp. inoculation also enhanced the antioxidant and osmo-protectant status of Arabidopsis seedlings. Another possible factor for plant growth promotion under normal and heat stress conditions may be the production of various kinds of organic acids, i.e., oxalic acid, quinic acid, tartaric acid, and malic acid, detected in the culture filtrate of the P. formosus LWL1 (Waqas et al., 2014a) . Organic acids, secreted by microorganisms, lower the pH by acidifying the surrounding soil. In low-pH soil, inorganic phosphorus (Pi) is released from mineral phosphate resources, and the resultant solubilization then makes it available for plant uptake (Rodrıǵuez and Fraga, 1999) . Microorganisms utilize these small organic compounds for nutrition, and they enhance plant growth through multiple pathways. One of these is the secretion of organic acids by these beneficial microorganisms to solubilize major plant nutrients for greater uptake. In another mechanism, the beneficial microorganisms modify the plant's secreted organic compounds, which are then taken up again by the plant (Rodrıǵuez and Fraga, 1999; Ahemad and Kibret, 2014; Waqas et al., 2014a) . In the current investigation, the attraction of beneficial microorganisms does not seem to be involved as the experiment was performed in gnotobiotic conditions; nutrient solubilization seems to be the major factor involved in rice growth promotion.
Plants up-regulate ABA biosynthesis under abiotic stresses, i.e., drought and heat, to reduce the stomatal openings and minimize transpiration (Khan et al., 2012; Hasanuzzaman et al., 2013) . This process was investigated by the exogenous application of ABA in chickpeas under varying temperatures (Kumar et al., 2012) . The exogenous ABA (2.5 µmol/L) not only mitigated the heat stress but improved chickpea seedling growth under extreme temperature stress of 45 °C/40 °C during a day/night cycle of 12 h/ 12 h. The inhibition of ABA by fluridone aggravated the heat intolerance by lowering the endogenous ABA level. Larkindale et al. (2005) investigated the involvement of ABA along with salicylic and active oxygen species in heat-stress protection and mutant Arabidopsis plants were severely defective in thermotolerance. In another experiment, Larkindale and Knight (2002) identified a protective effect of ABA in wild-type Arabidopsis by comparing it with ABAinsensitive abi-1. Moreover, the ABA-insensitive plants were highly susceptible to heat stress. However, our results are contradictory in that P. formosus LWL1 inoculation affected growth and heat tolerance by reducing the endogenous ABA level. These findings are in agreement with those of Khan et al. (2012; and may be attributed to the prevention of abiotic stress by various mechanisms including improvement in moisture and nutrient uptake. Khan et al. (2014) further analyzed the expression pattern of important genes related to ABA biosynthesis in GAproducing endophytes in both treated and control pepper plants under normal and heat-stress conditions. The GA-producing endophyte application significantly reduced the expression patterns of ABA1, ABA2, NCED3, AAO3, and the ABA-responsive gene RAB18 as shown by reverse transcription-polymerase chain reaction (RT-PCR) analysis.
JA is one of main defense hormones against abiotic and biotic stresses, and analysis showed the same pattern as that of ABA. The non-significant increase of JA in P. formosus LWL1-inoculated plants under the NS condition is in agreement with the findings of Conrath et al. (2006) and Waqas et al. (2014b) . The insignificant increase in the JA level in inoculated rice plants may be the result of a priming effect of endophytes to prepare plants for any kind of challenge (Conrath et al., 2006; Waqas et al., 2014b) . This small increase in JA may keep the defense system active but not at the expense of growth retardation. A high level of JA may then reduce growth at the cost of defense, as reported in rice and Arabidopsis, by delaying DELLA protein degradation (Yang et al., 2012) . A decrease in the JA level of inoculated plants under HS is in agreement with the findings of Navarro-Meléndez and Heil (2014), who reported that infection of Phaseolus lunatus with its naturally associated endophyte Bartalinia pondoensis significantly reduced the JA level in mechanically damaged leaves. Production of phytohormones (GAs and IAA) and organic acids by P. formosus LWL1 may promote growth under NS and HS by maintaining the delicate balance of endogenous JA, i.e., maintaining it at a low enough level to produce the priming effect but not reduce growth or resistance to heat stress. Application of JA in minute amounts has also been reported to promote plant growth (Li et al., 2012) , as revealed by its presence in small amounts in inoculated rice plants under normal conditions (Fig. 3) . It may act as another compound, in addition to endophyte phytohormones, to promote plant growth and development.
The endophytic association with host plants has been reported to positively alter primary and secondary metabolites (Khan and Lee, 2013) under abiotic stress. The significant increase of a major primary secondary metabolite, i.e., total protein content, in japonica rice by P. formosus LWL1 under NS and HS is in agreement with the findings of Khan and Lee (2013) . This investigation revealed that application of Penicillium funiculosum protected soybean plant growth under cadmium stress and increased the total protein content with or without cadmium stress. They also found that amino acids were metabolized normally with or without stress in endophyte-infected plants. Free amino acids, particularly proline, glutamine, and leucine accumulated in endophyte-infested soybean plants. Among these, the osmo-protectant proline is important for growth restoration and tolerance under abiotic stress.
Conclusions
The present study comes to the conclusion that endophytic fungi used in the present experiments are capable of producing phytohormones and bioactive compounds that can promote plant growth, induce abiotic stress tolerance, and prevent stress damage. The current data support the decisive role of P. formosus LWL1, which significantly improved japonica rice plant growth under prolonged heat stress. Endophytic association mitigated the heat damage effect and prevented plant stress as shown by downregulation of the stress-related signaling molecules, ABA and JA, and increased in the total protein content.
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